We report the synthesis, crystal structure, and thermallydriven phase transformation of the dicyanometallate superperovskite co-crystal [ Hybrid perovskites are a populous and important contemporary materials family that couple the functional capabilities of the perovskite structure type with the chemical versatility of hybrid organic/inorganic materials. [1] [2] [3] [4] The incorporation of organic substituents within the ABX 3 perovskite structure tends to increase structural complexity as a result of the increased number of degrees of freedom of molecular vs monoatomic species. [4] [5] [6] [7] [8] [9] [10] This additional complexity can have important functional implications. In the now-famous lead halide photovoltaic perovskites, for example, low-energy tumbling of methylammonium cations is thought to assist with exciton stabilisation by preventing recombination. 11 Likewise, molecular orientational order/disorder phase transitions give rise to ferroelectricity and glassy (relaxor-like) dielectric response in various formate perovskites. [12] [13] [14] [15] The interplay between molecular degrees of freedom and bulk materials properties is still relatively poorly understood, 3 [16] [17] [18] Consequently, there is a strong need for fundamental studies in the field aimed at understanding exactly what structural and chemical degrees of freedom are accessible to different hybrid perovskites, and how these degrees of freedom might then be exploited in a functional sense.
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There are two key reasons why, amongst hybrid perovskites, those based on dicyanometallate -[NC-(Ag/Au)-CN]-X-site linkers might be expected to exhibit especially unusual and/or complex structural behaviour. 19 First, the combination of a metal. . .metal separation of ∼1 nm and an atomically-thin anionic linker translates to a particularly large A-site cavity, which can in principle host equally large and structurally complex molecular species. Indeed the aristotypic ABX 3 cell volume of dicyanometallate perovskites is nearly 20 times greater than that of conventional oxide perovskites; hence the moniker 'superperovskites'. 19, 20 And, second, dicyanometallates are intrinsically ultraflexible solids, capable of extreme mechanical responses to physical and chemical stimuli. [21] [22] [23] So, as part of a broad investigation into the structural chemistry of dicyanometallate phases, 19, 24 we have taken a particular interest in the phase behaviour of superperovskites. Relatively few are known, and all those that have been identified to date make use of the very large and almost-spherical organic cation PPN + on the A-site. 19, 20 Here we describe a new-and, we argue, particularly interesting-superperovskite related instead to [NBu 4 ]Mn[Au(CN) 2 ] 3 . This is an unexpected phase to form because NBu + 4 usually templates a denser octahedrally-coordinated ABX 3 structure with the bcs topology. 19, 20, 25 We will come to show that the perovskite structure type is stabilised in this new system by a most unusual mechanism: namely, the inclusion of an additional inorganic salt as a co-crystal. We used variabletemperature synchrotron X-ray powder diffraction (SXPD) measurements 26 to study the thermal stability of this ABX 3 ·AX phase, and so establish the coupling of compositional and structural degrees of freedom in this unconventional hybrid perovskite. (1) ; this composition was verified by elemental analysis (see SI), and we will come to show it to be supported also by crystal structure determination.
The single-crystal diffraction pattern of 1 was complicated by a large pseudocubic unit cell, on the one hand, and the presence of temperature-dependent structured diffuse scattering, on the other hand [ Fig. 1(a) ]. Nevertheless, tetragonal crystal symmetry was evident directly from inspection of the raw diffraction data (e.g. different diffuse scattering conditions for (h0l)/(0kl) vs (hk0) planes), and we were able to obtain a good structure solution in the tetragonal space group P4/ncc with refinement statistics (R = 12.6%) that are acceptable for a compositionally complex crystal with correlated disorder. The unit cell dimensions of this structure corresponded to a 2×2×2 supercell of the superperovskite aristotype (i.e. a, c 21 Å).
In our structural model, the anionic {Mn[Au(CN) 2 ] 3 } − framework was crystallographically well-behaved and showed very little sign of complexity [ Fig. 1(b) ]. By contrast, the remaining electron density was significantly more challenging to interpret as it was distributed over both the conventional perovskite Asite (12-coordinate) and also two-thirds of the 4-coordinate windows of the superperovskite cage. The electron density at this 4-coordinate site was consistent with NBu + 4 cations; the individual carbon atoms of the pendant alkyl chains were distinguishable in the Fourier maps. The remaining electron density centred at the A-site amounted to 47 e − per site, which is very close to the value anticipated for a single ClO As such, the crystal structure we determined for 1 is closely related to-but meaningfully different from-the conventional perovskite structure type. We understand the relationship in the following way [ Fig. 2 Importantly, this distance closely matches the characteristic superperovskite cage length (∼ a/2), which would explain why [NBu 4 ]ClO 4 can be included in 1 in a commensurate manner, in contrast to the incommensurate mechanisms reported for other dicyanometallates. 32 We note that [NEt 4 ]ClO 4 also shows extensive room-temperature orientational disorder of both molecular cation and anion, which is consistent with what we observe for 1. In the case of [NEt 4 ]ClO 4 , this multi-site disorder appears to preempt the transition to a plastic phase known to occur on heating to 378 K. 33 Given the anomalous thermomechanical properties of many other dicyanometallates, 21, 22 we were interested to understand how the structure of 1 evolved with temperature. We used variable-temperature SXPD measurements to probe its structural behaviour over the range 140-480 K; the samples we studied were ground single crystals. For data collected between 140 and 380 K, we were able to fit the diffraction pattern entirely in terms of the P4/ncc model described above [ Fig. 3(a) ]. The system showed moderate isotropic positive thermal expansion within this regime (see SI for further discussion).
On heating above 380 K, an irreversible phase transition took place that was complete by 410 K [Fig. 3(b) ]; thermogravimetric analysis showed no mass loss associated with the transition. The vast majority of the diffraction pattern within this transformed regime could be accounted for by a phase with the bcs-type structure of [NBu 4 Fig. 3(c) (2) . The component of the diffraction pattern left unaccounted for by this bcstype phase was of much reduced intensity and hence was unlikely to include any Au. This component gave a simple diffraction pattern that was dominated by a low-angle peak corresponding to a d-spacing of ca 10.5 Å; this pattern could not be indexed in terms of the structures of either 1 or 2. Instead, samples recovered to room temperature show that this peak had split and matched well the low-angle diffraction features of [NBu 4 ]ClO 4 [ Fig. 3(c) ]. Consequently we tentatively assigned this minority phase within the transformed regime to a plastic form of [NBu 4 ]ClO 4 , possibly in the CsCl structure. As such, the phase transformation process that occured at ca 400 K corresponds the co-crystal disproportionation 34 We suggest that the driving force for this reaction is the additional entropy gain associated with formation of a plastic phase So what we find in the case of our title compound 1 is that inorganic co-crystal formation acts as a mechanism for stabilising the perovskite structure type. In this sense there is an unexpected parallel to the chemistry of clathrates 35 and ion-templated zeolites: 36, 37 it is only when [NBu 4 ]ClO 4 is present within the framework structure of [NBu 4 ]Mn[Au(CN) 2 ] 3 that it assumes a structure related to perovskite. The existence of co-crystalline ABX 3 ·AX derivatives now establishes a new type of compositional degree of freedom relevant to this particular branch of hybrid perovskites. Are perchlorate salts the only ones capable of stabilising such phases? If not, how does compositional variation affect phase formation, phase stability, and the kinetics of disproportionation? Moreover, we anticipate that the thermal disproportionation process itself may provide a number of useful and interesting avenues for further research. Specifically, we note that compound 2 is polar (space group I4 1 cd), 20 and the ambient phases of most amine perchlorates are ferroelectrics. 38, 39 Consequently the formation of a eutectic during disproportionation of 1 (or its analogues) may provide a novel entry point to controlling functional microstructure in molecular ferroelectrics.
